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Abstract. The thermal expansivities (a) of MgO and high- 
pressure phases of CaO, CaMgSi2Ot, and Fe at ultrahigh pres- 
sure are obtained by comparing existing shock compression and 
temperature measurements to 300 K compression curves con- 
structed from ultrasonic elasticity and static compression data. 
For gO, erepesend = 
where 7' is the Grtineisen parameter, Cv is the constant volume 
specific heat, Kr is the isothermal bulk modulus, and p is the 
density. Using this expression, the thermal expansivity of MgO 
is 28-32 x 10 -6 K-1 at the pressure of the top of the lower mantle 
and 10-16 x 10-6 K-1 at its base (at 2000 K). New data for a of 
e-Fe, together with an inner core temperature of 6750 K, 
constrain the density of the inner core to be 5 _+ 2% less than the 
density of e-Fe, implying the inner core contains alight element. 
Introduction 
The coefficient of thermal expansion under conditions of the 
Earth' s deep interior is important for determining the composi- 
tion, dynamic behavior, and thermodynamic properties of the 
Earth. Theoretical nd semi-empirical expressions for the pres- 
sure dependence of oe date back 26 years [Anderson, 1967; 
Birch, 1968] and attest to the long-standing interest in this 
quantity. By combining available shock compression and tem- 
perature data with room temperature densities from static com- 
pression or ultrasonic experiments, average thermal expansivities 
are constrained for the first time at very high pressure (150-200 
GPa) for a number of geophysically important materials. 
Dynamic and Static Equations of State 
Shock compression data for single-crystal magnesium oxide 
(MgO) are shown in Figure 1 along with the 300 K isotherm 
derived from ultrasonic elasticity data to 3 GPa [Jackson and 
Niesler, 1982]. The isotherm was constructed byconverting the 
measured bulk modulus and its pressure derivative from adia- 
batic to isothermal conditions and employing the Birch- 
Murnaghan equation. 
The Hugoniot or shock compression curve can be related to a 
corresponding isotherm or adiabat using Mie-Grtineisen theory 
[McQueen et al., 1970]. This requires the volume-dependent 
Grtineisen parameter, 7': 
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(1) 
where the subscript o represents ambient-pressure conditions. q 
is often assumed to be a constant equal to 1. Shock data reduced 
to an isotherm in this manner are used, for example, in establish- 
ing a pressure scale for diamond cell experiments. Calculated 
Hugoniots obtained from a 300 K adiabat constructed from 
ultrasonic data corrected to constant entropy conditions and for 
q equal to 0, 1, and 2 are shown in Figure 1. The Hugoniot 
pressure-volume data are best fit by q = 0.3 _+ 0.7. A slightly 
different value of q will be determined below from consideration 
of thermal expansion data. 
Comparison of shock data with static compression orultra- 
sonic data may be complicated by shock-induced heterogene- 
ities, material strength, and differences in thermodynamic state 
[Grady, 1977]. The single-crystal Hugoniot for MgO is coinci- 
dent with the ultrasonic isotherm at low pressure, consistent with 
a significant loss of strength under dynamic compression, as 
determined independently from wave profile measurements 
[Grady, 1977]. At higher pressure, the Hugoniot and static 
isotherm diverge because of temperature differences. Thermal 
heterogeneities are expected to diminish when the pressure 
becomes larger than a few times a material' selastic limit [Grady, 
1977]. The data of Vassiliou and Ahrens [ 1981] demonstrate 
that no phase change (with a volume change greater than 1.5%) 
occurs along the MgO Hugoniot to 200 GPa. 
Svendsen and Ahrens [1987] reported four temperature mea- 
surements on shocked single-crystal MgO. Temperatures of 
initially transparent materials are measured by recording the 
spectral radiance of the shock-compressed ample with a high- 
speed optical pyrometer [Lyzenga nd Ahrens, 1979]. Tempera- 
tures in opaque materials can be obtained from measurements of 
the interface t mperature b tween the sample and an impedance- 
matching window [Bass et al., 1987]. The measured MgO 
temperatures are consistent with continuum calculations 
[McQueen et al., 1970] which include atemperature-dependent 
specific heat and q between 0 and 3. Comparison of measured 
temperatures with an MgO melting curve based on a Lindemann 
melting criterion indicates that the equilibrium elt boundary 
for MgO is > 1500 K above the measured temperatures at 169- 
196 GPa [Svendsen and Ahrens, 1987]. 
For materials which undergo polymorphic phase transitions at 
high pressure, shock and static equations of state can be com- 
pared under the assumption that the Hugoniot high-pressure 
phase is the equilibrium assemblage. For CaO, the high-pressure 
Hugoniot phase has been identified as the B2 phase [Jeanloz et 
al., 1979]. Shock and room temperature quations of state for 
this material have been determined to 175 GPa [Jeanloz and 
Ahrens, 1980] and 135 GPa [Richet et al., 1989], respectively. 
Shock temperature measurements have been reported between 
140 and 183 GPa [Boslough et al., 1984]. We assume that the e- 
phase of Fe is stable along the Hugoniot between 13 and 200 _+ 
1103 
1104 Duffy and Ahrens: Thermal Expansion at High Pressure 
200 
a_ 150 
• 100 
50 
' ' , 40 
MgO 
Hugoniot 
Isotherm 
•.5 4.0 4.5 5.0 5.5 6.0 
Density (g/cm 3)
Fig. 1. Compression data for magnesium oxide. The heavy 
solid line is a fit to the shock data (symbols) [Carter et al., 1971; 
Vassiliou and Ahrens, 1981], and the dashed curve is the 
isotherm derived from ultrasonic data. Lighter solid lines show 
theoretical Hugoniots computed from ultrasonic data. 
2 GPa [Brown and McQueen, 1986]. A static isotherm for e-Fe 
has recently been determined to 300 GPa [Mao et al., 1990] while 
the Hugoniot equation of state has been extensively studied (e.g., 
Brown and McQueen [1986]). A single shock temperature 
measurement plausibly within the stability field of e-Fe has 
been reported [Bass et al., 1987]. For diopside (CaMgSi2Ot), the 
equilibrium high-pressure assemblage is either a perovskite of 
diopsidic composition [Liu, 1987] or a mixture of CaSiO3 and 
MgSiO3 perovskites [Tamai and Yagi, 1989]0 The static com- 
pression curve for these assemblages can be obtained by molar 
averaging the compression curves of CaSiO3 [Mao et al., 1989] 
and (Mgo.88Feo.12)SiO3 [Knitfie and Jeanloz, 1987], where the 
latter is first corrected for the effect of iron. Shock equation of 
state and temperature data for diopside have been reported by 
Svendsen and Ahrens [1983] and [1990]. 
Results 
Average high-pressure thermal expansion coefficients were 
determined from densities along the shock and room tempera- 
ture compression curves at a given pressure using: 
ln(P3oo/PH) (2) 
-300 
where P3oo and PH are the 300 K and Hugoniot densities, 
respectively and T H is the measured shock temperature. The 
calculated or values are shown in Table 1 and Figure 2. 
Also shown in Figure 2 are estimates of or in the Earth's 
interior obtained by combining seismic data with a thermody- 
namic model. For MgO and CaMgSi206, which represent he 
major structures expected in the lower mantle, the expansivities 
are similar to or larger than those found in Earth models at the 
base of the mantle. It is also noteworthy that or for e-Fe is 
consistent with Earth model values for the liquid outer core. 
Comparisons which use static compression data have the 
advantage that little or no extrapolation of the 300 K densities is 
required. However, the results depend on the static pressure 
scale, which is derived, in turn, from shock data on incompress- 
ible metals. The thermal corrections applied to these data are 
small and the static pressure scale is believed accurate to a few 
percent [Mao et al., 1990]. For CaO and CalVlgSi206, there is the 
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Fig. 2. or at high pressure from shock-wave data. The solid 
curves are estimated expansivities in the mantle and outer core 
obtained from Earth models. CMB indicates the core-mantle 
boundary. 
additional possibility of melting or other solid-solid phase changes 
along the Hugoniot [Boslough and Ahrens, 1984; Svendsen and 
Ahrens, 1990]. The MgO and CaMgSi206 results of Svendsen 
and Ahrens [1987] and [1990] have been corrected slightly to 
remove the effect of a thin (-1 gm) silver layer in front of the 
sample on the calculated Hugoniot pressure. 
Thermal Expansion Models 
Because of the extensive stability of MgO, high-pressure 
expansivity data for this material can be used with low-pressure 
thermodynamic data to test models for the pressure dependence 
of or. We begin with the following identity: 
(aa) __l(aKr) . (3) 
TABLE 1. Thermal Expansion Coefficients 
Pressure PH P300 T H a 
(GPa) (g/cm 3) (g/cm 3) (K) (10-6K -1) 
MgO (B 1 phase) 
169(3) 5.340(0.038) 5.497(0.026) 3081(120) 
175(2) 5.375(0.038) 5.549(0.028) 3071(130) 
182(2) 5.417(0.038) 5.597(0.029) 3280(371) 
196(3) 5.495(0.040) 5.698(0.031) 3663(395) 
CaO (B2 phase) 
140(8) 5.57(0.22) 6.11(0.10) 3749(178) 
171(10) 5.72(0.24) 6.46(0.12) 5333(238) 
183(11) 5.77(0.24) 6.60(0.12) 6038(225) 
CaMgSi206 (perovskite phase) 
141(7) 5.264(0.142) 5.591(0.036) 3508(141) 
156(8) 5.365(0.154) 5.698(0.038) 4215(364) 
158(8) 5.396(0.155) 5.711(0.039) 4555(268) 
162(8) 5.417(0.158) 5.739(0.038) 4782(356) 
Fe (s-phase) 
202(3) 11.960(0.074) 12.505(0.072) 5200(500) 
10.4(3.1) 
11.5(3.2) 
11.0(3.2) 
10.8(3.0) 
26.8(12.4) 
24.3(9.1) 
23.2(8.0) 
18.8(8.7) 
15.4(7.7) 
13.3(7.0) 
12.9(6.8) 
9.1(2.0) 
Uncertainties are one standard deviation. 
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Anderson [1967] showed that if tSr =-(OKr/OT)•,/ocKr is 
independent of pressure and temperature, (3) yields: 
oc/ oc o = (po /p ) •rø ß (4) 
Chopelas and Boehler [1989] found support for this equation 
from thermal expansion systematics. More recently, Chopelas 
and Boehler [1992] have suggested that t5 r is a linear function of 
compression, (rS r + 1)/0 = const, where 0 = Po/P. Incombina- 
tion with (3), this implies that: 
oc =øcø exp [tSr --tSro] ' (5) 
Birch [1968] proposed that ocK r --const, based on the 
observation from shock data that p7/Cv = const. A more 
general form of this obtainable from (1) is [Anderson, 1979]' 
KT (6) 
In Figure 3, this relation is used to compute oc along a 2000 K 
isotherm, which is close to the mean temperature of the shock 
and ultrasonic data, for q = 0, 0.5, and 1. The pressure derivative 
of Kr at this temperature was taken from ab initio calculations 
[Isaak et al., 1990] and the results are not strongly sensitive to this 
quantity. The oc data for MgO can be fit using (6) with q = 0.5 
+ 0.5, which is consistent with the previously determined value 
from Mie-GrQnesien theory (q = 0.3 + 0.7). 
Also shown in Figure 3 are oc values calculated using (4) and 
(5) with 6re =5.0 from high-T elasticity data [Isaak et al., 1989]. 
Equation (4) underpredicts he measured oc values by a factor of 
2.5. The value of 6re required for (4) to fit the present data is 3.1 
+ 0.7 at 2000 K, significantly lower than the ambient-pressure 
value. Fei et al. [ 1992] obtained a value of 6re = 4.3 + 0.5 from 
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Fig. 3. Comparison of MgO expansion data (circles) with 
theoretical predictions. The solid lines are computed for a 2000 
K isotherm using (6) and q = 0, 0.5, and 1. The dashed lines show 
expansivities at 2000 K using (4) and (5). The boxes show or 
values at 2000 K from the PIB model of Isaak et al. [ 1990]. The 
triangles are zero-pressure oc values at 300 K and 2000 K [Isaak 
et al., 1989]. 
fitting high P and T diamond cell measurements on (Mgo.6,Feo.4)0 
to 30 GPa and 800 K. The disparity among these results suggests 
that 6T has a significant pressure and/or temperature depen- 
dence. 
Equation (5) predicts expansivities that are consistent with the 
measured values. It is notable that this relation produces almost 
the same pressure dependence for oc as (6) with q = 1 (which, at 
high temperature, isequivalent to Birch' s relation, ocK r = const ). 
PIB model calculations for MgO [Isaak et al., 1990] also produce 
similar expansivities. While these relations are all consistent 
with the high-pressure MgO data, larger oc values are also 
allowed. Using (6) and q = 0.5 + 0.5, the thermal expansivity of 
MgO at 2000 K and 24 GPa is 28-32 x 10 -6 K-• and decreases to 
10-16x 10-6K -• at 135 GPa. Results forCaMgSi206 suggestthat 
silicate perovskite expansivities are equal to or greater than MgO 
values at high pressure, although this result is less secure because 
of the uncertain nature of the diopside high-pressure phase. 
The oc data for e-Fe also have implications for the Earth's 
core. If the average temperature of the inner core is 6750 (+ 
1000) K as inferred from shock and static Fe melting data 
[Williams et al., 1987], then oc and p of e-Fe at inner core 
conditions, using (2), (6), and the data of Mao et al. [1990], are 
6 x 10 -6 K -1 and 13.45 +0.21 g/cm 3, compared with the average 
inner core density from normal mode data of 12.85 + 0.15 g/cm 3 
[Shearer and Masters, 1990]. This calculation ignores the small 
temperature-dependence of oc at high pressure and assumes that 
q = 1 is appropriate for e-Fe [Mao et al., 1990]. This result 
shows that the inner core is less dense than pure iron, in 
agreement with previous analyses [Jephcoat and Olson, 1987], 
and the density deficit of the inner core is 5 + 2%. These 
conclusions are dependent on the inferred inner core temperature 
and significantly lower temperatures (4200 K) have been pro- 
posed based on other Fe melting data [Boehler, 1992]. 
The thermal expansivities of 3 minerals and 1 metal have been 
constrained at P > 140 GPa from shock and room temperature 
compression curves and measured Hugoniot temperatures. 
It has been shown that expansivity values for MgO are 
consistent with several new and existing models for the pressure 
dependence of o . The widely used relation, c =OCo(Po/p) •rø , 
where 6ro is constant a its ambient-pressure value, underpredicts 
oc at high pressure. Instead, we find that oc is best given by: 
This model yields 2000 K expansivities for MgO that vary 
from 28-32 x 10 -6 K-• at pressure corresponding to the top of the 
lower mantle and 10-16 x 10-6 K4 at the pressure of the core- 
mantle boundary. Results for CalVlgSi206 suggest hat oc in 
perovskite-structured materials could be equal to or greater than 
MgO values. 
Data for e-Fe extrapolated to inner core conditions indicate 
that e-Fe is 5 + 2 % denser than the inner core, implying the inner 
core is not pure iron. 
Acknowledgments. We appreciate the comments ofD. Isaak, 
O. L. Anderson, and two reviewers on an earlier version of this 
1106 Duffy and Ahrens: Thermal Expansion at High Pressure 
manuscript. This research was supported by the NSF. Division 
of Geological and Planetary Sciences, Califomia Institute of 
Technology contribution 5165. 
References 
Anderson, O. L., Equation for thermal expansivity in planetary 
interiors, J. Geophys. Res., 72, 3661-3668, 1967. 
Anderson, O. L., The high-temperature acoustic Griineisen param- 
eter in the Earth's interior, Phys. Earth Planet. Inter., 18, 221- 
231, 1979. 
Bass, J. D., B. Svendsen, and T. J. Ahrens, The temperature of shock 
compressed iron, in High-Pressure Research in Mineral Phys- 
ics, edited by M. H. Manghnani and Y. Syono, pp. 393-402, 
Terra Scientific, Tokyo, 1987. 
Birch, F., Thermal expansion at high pressures, J. Geophys. Res., 
73, 817-819, 1968. 
Boehler, R., Melting of the Fe-FeO and Fe-FeS systems at high 
pressure: Constraints on core temperatures, Earth Planet. Sci. 
Lett., 111,217-227, 1992. 
Boslough, M., T. J. Ahrens, and A. C. Mitchell, Shock temperatures 
in CaO, J. Geophys. Res., 89, 7845-7851, 1984. 
Brown J. M., and R. G. McQueen, Phase transitions, Griineisen 
parameter, and elasticity for shocked iron between 77 GPa and 
400 GPa, J. Geophys. Res., 91, 7485-7494, 1986. 
Brown, J. M., and T. J. Shankland, Thermodynamic parameters in 
the Earth as determined by seismic profiles, Geophys. J. R. 
Astron. Soc., 66, 579-596, 1981. 
Carter, W. J., S. P. Marsh, J. N. Fritz, and R. G. McQueen, The 
equation of state of selected materials for high-pressure fer- 
ence, in Accurate Characterization of the High Pressure Envi- 
ronment, edited by E. C. Boyd, pp. 147-158, NBS special pub. 
326, Washington, D.C., 1971. 
Chopelas, A., and R. Boehler, Thermal expansion measurements at 
very high pressure, systematics, and a case for a chemically 
homogeneous manfie, Geophys. Res. Lett.,16,1347-1350,1989. 
Chopelas, A., and R. Boehler, Thermal expansivity in the lower 
manfie, Geophys. Res. Lett., 19, 1983-1986, 1992. 
Fei, Y., H. K. Mao, J. Shu, and J. Hu, P-V-T equation of state of 
magnesiowtisfite (IV[go.6,Feo.4)O, Phys. Che• Mineral., 18, 416- 
422, 1992. 
Grady, D. E., Processes occurring in shock wave compression of 
rocks and minerals, in High-Pressure Research: Applications to 
Geophysics, edited by M. H. Manghnani and S. Akimoto, pp. 
389-438, Academic, New York, 1977. 
Isaak, D. G., O. L. Anderson, and T. Goto, Measured elastic moduli 
of single crystal MgO measured to 1800 K, Phys. Chenz Miner., 
16, 704-713, 1989. 
Isaak, D. G., R. E. Cohen, and M. J. Mehl, Calculated elastic and 
thermal properties of MgO at high pressures and temperatures, J. 
Geophys. Res., 95, 7055-7067, 1990. 
Jackson, I., and H. Niesler, The elasticity of periclase to 3 GPa and 
some geophysical implications, in High Pressure Research in 
Geophysics, edited by S. Akimoto and M. H. Manghnani, pp. 93- 
133, Center for Academic Publishing, Tokyo, 1982. 
Jeanloz, R., and T. J. Ahrens, Equations of state of FeO and CaO, 
Geophys. J. R. Astron. Soc., 62, 505-528, 1980. 
Jeanloz, R., T. J. Ahrens, H. K. Mao, and P.M. Bell, B1-B2 
transition in calcium oxide from shock-wave and diamond-cell 
experiments, Science, 206, 829-830, 1979. 
Jephcoat, A., and P. Olson, Is the inner core of the Earth pure iron?, 
Nature, 325, 332-335, 1987. 
Knittle, E., and R. Jeanloz, Synthesis and equation of state of 
(Mg,Fe)SiO3 perovskite to over 100 Gigapascals, Science, 235, 
668-670, 1987. 
Liu, L., New silicate perovskites, Geophys. Res. Lett., 14, 1079- 
1082, 1987. 
Lyzenga, G. A., and T. J. Ahrens, A multi-wavelength optical 
pyrometerfor shock compression experiments, Rev. Sci. Instrum., 
50, 1421-1424, 1979. 
Mao, Ho K., L. C• Chen, Ro J. Hemley, Ao Po Jephcoat, Yo Wu, and 
W. A. Bassett, Stability and equation of state of CaSiO3 perovs- 
kite to 134 GPa, J. Geophys. Res., 94, 17,889-17,894, 1989. 
Mao, H. IL, Y. Wu, L. C. Chen, and J. F. Shu, Static compression of 
iron to 300 GPa and Fe0.8 Ni0.2 alloy to 260 GPa: Implications for 
composition of the core, J. Geophys. Res., 95, 21,737-21,742, 
1990. 
McQueen, R. G., S. P. Marsh, J. W. Taylor, J. N. Fritz, and W. J. 
Carter, The equation of state of solids from shock wave studies, 
in High- Velocity ImpactPhenomena, edited by R. Kinslow, pp. 
294-419, Academic Press, New York, 1970. 
Richer, P., H. K. Mao, and P.M. Bell, Static compression and 
equation of state of CaO to 1.35 Mbar, J. Geophys. Res., 93, 
15,279-15,288, 1988. 
Shearer, P.M., and Go Masters, The density and shear velocity 
contrast at the inner core boundary, Geophys. J. Int., 102, 491- 
498, 1990. 
Stacey, F. D., A thermal model of the Earth, Phys. Earth Planet. 
Inter., 15, 341-348, 1977. 
Svendsen, B., and T. J. Ahrens, Dynamic compression ofdiopside 
and salite to 200 GPa, Geophys. Res. Leg., 10, 501-504, 1983. 
Svendsen, B., and T. J. Ahrens, Shock-induced temperatures of 
MgO, Geophys. J. I., 91,667-691, 1987. 
Svendsen, B., and T. J. Ahrens, Shock-induced temperatures of 
CaMgSi206, J. Geophys. Res., 95, 6943-6953, 1990. 
Tamai, H., and T. Yagi, High-pressure and high-temperature phase 
relations in CaSiO3 and CaMgSi206 and elasticity of perovskite- 
type CaSiO3, Phys. Earth Planet. Inter., 54, 370-377, 1989. 
Vassiliou, M. S., and T. J. Ahrens, Hugoniot equation of state of 
peficlase to 200 GPa, Geophys. Res. Lett., 8, 229-232, 1981. 
Williams, Q., R. Jeanloz, J. D. Bass, B. Svendsen, and T. J. Ahrens, 
The melting curve of iron to 2.5 Mbar: First experimental 
constraint on the temperature at the Earth's core, Science, 236, 
181-182, 1987. 
T. J. Ahrens and T. S. Duffy, Lindhurst Laboratory of Experi- 
mental Geophysics, Seismological Laboratory, Califomia Insti- 
tute of Technology, Pasadena, CA 91125. 
(Received June 26, 1992; 
revised January 28, 1993; 
accepted February 25, 1993.) 
